Mantle cell lymphoma (MCL) is characterized by the uncontrolled overexpression of cyclin D1. Styryl sulfonyl compounds have shown potent antitumor activity against MCL by inducing cell-cycle arrest and apoptosis. However, the exact molecular mechanism by which these compounds function is yet to be elucidated. Here, we show that the prototypical styryl sulfonyl compound ON 01910.Na decreased cyclin D1 and c-Myc protein levels in MCL cells, whereas mRNA levels of cyclin D1 were minimally affected. Notably, ON 01910.Na suppressed eukaryotic translation initiation factor 4E (eIF4E)-mediated cyclin D1 mRNA translation, decreased levels of phosphorylated Akt, mammalian target of Rapamycin (mTOR) and eIF4E-binding protein (eIF4E-BP), lowered the cap site binding activity of eIF4E and directly inhibited activity of phosphatidylinositol-3 kinase (PI-3K). Analysis of apoptotic signaling pathways revealed that ON 01910.Na induced the release of cytochrome c from mitochondria, altered expression of Bcl-2 family of proteins and stimulated activation of caspases. Taken together, styryl sulfonyls can cause a rapid decrease of cyclin D1 by blocking cyclin D1 mRNA translation through inhibition of the PI-3K/Akt/mTOR/ eIF4E-BP signaling pathway and triggering a cytochrome c-dependent apoptotic pathway in MCL cells.
Introduction
Mantle cell lymphoma (MCL) is a well-defined subtype of B-cell non-Hodgkin's lymphoma that is genetically characterized by a t(11;14)(q13;q32) chromosomal translocation that results in constitutive overexpression of cyclin D1 (Leroux et al., 1991; Campo et al., 1999; Bertoni et al., 2006) . Cyclin D1 deregulation is considered as the hallmark of MCL and its expression in MCL is closely correlated with the proliferative rate of the malignant cells (Rosenwald et al., 2003; Bertoni and Ponzoni, 2007) . MCL is associated with poor clinical outcomes and inevitable relapses (Campo et al., 1999; Witzig, 2005) . The median survival duration is 3-4 years (Zucca et al., 1995; Campo et al., 1999; Witzig, 2005) . Therefore, novel and more effective agents are urgently needed to improve the treatment of this neoplasm.
Styryl benzyl sulfones, a novel family of non-ATPcompetitive compounds, are currently under development as potential anticancer treatments (Gumireddy et al., 2005; Park et al., 2007; Reddy et al., 2008) . These compounds are potent antimitotic agents that induce selective G 2 /M arrest of tumor cells characterized by spindle abnormalities leading to their apoptosis. They also show selective cytotoxicity toward tumor cell populations with little or no effects on normal cell viability (Gumireddy et al., 2005; Park et al., 2007; Reddy et al., 2008) . Studies in in vivo models and xenograft models have revealed a broad spectrum of antitumor activity of these compounds (Gumireddy et al., 2005; Reddy et al., 2008) . These compounds did not exhibit hematological toxicity, liver damage or neurotoxicity, even though inhibiting tumor growth in a variety of xenograft nude mouse models .
In our previous study, aimed at assessing the effects of styryl benzyl sulfones against MCL cell lines (Park et al., 2007) , we observed that compounds ON 013100, ON 01370 and ON 01910.Na showed significant inhibition of cell growth and alteration of the cell cycle of MCL cells by modulating various regulators such as cyclin-dependent kinase 4 (CDK4), p53, MDM2 and cyclin D (Park et al., 2007 and data not shown) . Because ON 01910.Na has entered clinical trials and has the potential for being used for the treatment of MCL, we examined the possible mechanism of action of this agent.
In this study, we report a novel molecular mechanism of action of ON 01910.Na. We demonstrate that treatment of MCL cells with ON 01910.Na results in a rapid decrease of cyclin D1 levels that appear to result from an inhibition of mRNA translation in conjunction with inhibition of the PI-3K/Akt/mTOR/eIF4E-BP signaling pathway. Further, ON 01910.Na induced apoptosis by triggering cytochrome c-dependent apoptotic cell death in MCL cells. Thus, inhibition of cyclin D expression and/ or function is an attractive target for MCL therapy.
Results
In our previous study, we reported that two styryl sulfonyl compounds (ON 013100 and ON 01370) can alter the cell-cycle progression of MCL cell lines and result in their apoptosis (Park et al., 2007) . Subsequent studies with ON 01910.Na, a water-soluble, orally bioavailable analog of ON 01370, showed that this compound also exhibited a similar antileukemic activity as ON 013100 and ON 01370. Because this compound is currently undergoing clinical trials, we examined the molecular mechanism of action of this compound in MCL. The structures of ON 01910.Na in which the hydroxyl group of ON 013100 is replaced by a glycine moiety at the third position of the aromatic ring and its inactive isomer, which was used as a control compound, are shown in Figure 1 .
ON 01910.Na rapidly inhibits cyclin D1 protein expression in MCL lines
We first examined the effect of ON 01910.Na on the expression of major cell-cycle regulators in two wellcharacterized MCL cell lines, Granta 519 and Z138C, using western blot analysis. As shown in Figure 2a , after 24 h of treatment, the expression of cyclin D1 was significantly inhibited in ON 01910.Na-treated cells compared to control or ON 01911.Na-treated cells. Similar results were obtained with cyclin D2, another isoform of cyclin D1. However, there was no change in the expression levels of cyclin B1 and cyclin B2 (Figure 2b ).
Because cell-cycle regulation by cyclin D1 involves its interaction with CDK4 or CDK6 (Ely et al., 2005) , we next investigated the level of CDK4 expression in these cells following treatment with ON 01910.Na and ON 01911.Na. As shown in Figure 2c , no significant change in CDK4 levels was observed. In addition, ON 01910.Na did not alter the expression of PCNA, a member of the DNA sliding clamp family of proteins that assist in DNA replication (data not shown).
It has been shown that ON 01910 can induce selective G 2 /M arrest of tumor cells (Gumireddy et al., 2005) . In this study, to exclude the possibility that cyclin D1 downregulation was due to mitotic arrest induced by ON 01910.Na, we studied the effect of this compound on cyclin D1 expression in cells after blocking the cells at the G 1 /S boundary using aphidicolin. As shown in Figure 2d , cyclin D1 expression was downregulated in a time-dependent manner upon ON 01910.Na treatment. In contrast, in aphidicolin-treated cells, dimethyl sulfoxide (DMSO) and ON 01911.Na (control compound) did not affect cyclin D1 expression ( Figure 2e ). As an additional control, we analysed cyclin D1 expression after treating the Granta 519 cells with nocodazole, a known mitotic inhibitor. The results of these studies showed that exposure to nocodazole for a period of 12 h did not alter the cyclin D1 expression in these cells. These experiments clearly indicate that ON 01910.Na can directly block cyclin D1 expression in MCL cells (Figure 2f ).
ON 01910.Na modulates the translational machinery of cyclin D1 To examine the molecular mechanisms involved in ON 01910.Na-mediated downregulation of cyclin D1, we examined levels of cyclin D1 transcripts before and after ON 01910.Na treatment using northern blot analysis. Although we found that ON 01910.Na (1 mM) minimally affected the mRNA levels of cyclin D1 in both Granta 519 and Z138C MCL cells up to 12 h (Figure 3a) , western blot analysis revealed that cyclin D1 protein levels were dramatically reduced after 8 h of ON 01910.Na treatment. These results indicate that cyclin D1 protein translation may be affected by ON 01910.Na treatment (Figure 3b ).
ON 01910.Na does not inhibit p38 MAPK and RAF/ MEK/ERK signaling Cyclin D1 translation and protein levels are mainly regulated by cap site-dependent and -independent (Internal Ribosome Entry Site, IRES-mediated) mechanisms (Shi et al., 2005) . It has been shown that both p38 mitogenactivated protein kinase (MAPK) and RAF/MEK/ERK signaling pathways modulate IRES-mediated mRNA translation of cyclin D1 (Shi et al., 2005) . Therefore, we examined the effect of ON 01910.Na compound on MAPK signaling molecules. Treatment with ON 01910.Na for 8 h did not induce changes in the phosphorylation status of p38 MAPK (data not shown), RAF (data not shown) and ERK1 (Figure 4a ) in either MCL cell line, whereas ON 01910.Na treatment induced the phosphorylation of JNK kinase (Figure 4a ). These data suggest that ON 01910.Na may not inhibit translation of cyclin D1 through an MAPK-dependent mechanism.
ON 01910.Na inhibits cyclin D1 translation by blocking the Akt/mTOR/eIF4E-BP/eIF4E signal transduction pathway It has been shown that eukaryotic translation initiation factor 4E (eIF4E) binds to the mRNA 7-methyl-guanosine ON 01910.Na inhibits translation of cyclin D1 in MCL A Prasad et al Figure 2 Effect of ON 01910.Na on cell-cycle regulators. (a-c) Granta 519 and Z138C cells were incubated in the presence of dimethyl sulfoxide (DMSO) control, ON 01910.Na (1 mM) or ON 01911.Na (1 mM) for 24 h. The cells were lysed and western blotted with the indicated antibodies. Equal loading was confirmed in each sample by stripping and reprobing the blots with either anti-GAPDH or anti-b-actin antibodies. (d) Granta 519 cells were incubated overnight in the presence aphidicolin (1 mg/ml) and treated with ON 01910.Na (1 mM) for indicated time points, cells were then lysed and western blotted with an anti-cyclin D1 antibody. Equal loading was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. (e) Granta 519 and Z138C cells were incubated in the presence aphidicolin (1 mg/ml) for overnight and treated with ON 01910.Na (1 mM) or ON 01911.Na (1 mM) or DMSO for 8 h, cells were then lysed and western blotted with an anti-cyclin D1 antibody. Equal loading was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. (f) Granta 519 were treated with nocodazole (0.1 mg/ml) for indicated time points, cells were then lysed and western blotted with an anti-cyclin D1 antibody. Equal protein was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. All of the above experiments were repeated three times, and a representative result is shown. Figure 3 ON 01910.Na blocks cyclin D1 mRNA translation: (a) Granta 519 and Z138C cells were treated with ON 01910.Na (1 mM) for the indicated times and total mRNA was isolated and subjected to northern blot analysis using 32 P-labeled cyclin D1 oligos. (b) Cells treated as mentioned above, lysed and subjected to western blot analysis by using an anti-cyclin D1 antibody. Equal loading was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. The data represent one of three independent experiments. N.B., northern blot; W.B., western blot.
ON 01910.Na inhibits translation of cyclin D1 in MCL A Prasad et al cap structure and mediates the initiation of translation (Rosenwald et al., 1993 (Rosenwald et al., , 1995 Kawamata et al., 2007) . We therefore analysed the effect of ON 01910.Na on cap binding activity of eIF4E using m7GTP-sepharose beads. We found that ON 01910.Na treatment rapidly reduced the cap binding activity of eIF4E in both Granta 519 and Z138C cells after 8 h of treatment. DMSO control and ON 01911.Na treatment did not alter cap binding activity of eIF4E (Figure 4c ). Cap binding activity of eIF4E is regulated by translation repressor protein eIF4E-binding protein (eIF4E-BP; also known as PHAS-1) (Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004) . The phosphorylated eIF4E-BP releases eIF4E, leading to initiation of translation (Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004) . When we examined the protein expression and phosphorylation status of eIF4E-BP, we observed a significant decrease in the phosphorylation of eIF4E-BP in ON 01910.Na-treated cells. Protein levels of eIF4E-BP were not affected by ON 01910.Na treatment in either cell type ( Figure 4b ). To determine whether ON 01910.Na modulates upstream regulators of eIF4E-BP activity, we examined its effects on the Akt/mTOR pathway. Phosphatidylinositol-3 kinase (PI-3K)-mediated activation of Akt induces phosphorylation of mammalian target of Rapamycin (mTOR) at Ser2448 site. This phosphorylation activates mTOR kinase, which in turn phosphorylates Thr37/Thr46 of eIF4E-BP and results in release of eIF4E (Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004) . A significant decrease in mTOR phosphorylation was observed in ON 01910.Natreated cells, whereas DMSO control and ON 01911.Na treatment did not alter phosphorylation in either Granta 519 or Z138C cells (Figure 4b ). Akt1 has a critical function in cell growth by directly phosphorylating the mTOR in a rapamycin-sensitive complex containing raptor (Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004) . ON 01910.Na also inhibited phosphorylation of Akt at its Ser473, suggesting that ON 01910.Na negatively regulates the Akt/mTOR/ eIF4E-BP/eIF4E pathway ( Figure 4b ).
ON 01910.Na inhibits phosphorylation of FoxO1
To further determine whether ON 01910.Na negatively regulates proteins that are downstream of the Akt pathway, we analysed the phosphorylation status of FoxO1, a substrate of Akt (Aoki et al., 2004) . As shown in Figure 5a , ON 01910.Na-treated cells showed a slight decrease in the phosphorylation status of FoxO1 compared to control-treated cells. This result indicates that ON 01910.Na may block the PI-3K/Akt pathway upstream of Akt.
ON 01910.Na inhibits PI-3K activity To determine if ON 01910.Na inhibits PI-3K that functions upstream of AKT, we studied phosphorylation patterns of phosphoinositide-dependent protein kinase 1 (PDK1), which is known to have a central function in Akt activation (Osaki et al., 2004) . We observed decreased levels of phospho-PDK1 in ON 01910.Na-treated cells compared to controls (Figure 5a ). In addition, we observed no change in the expression and Z138c cells were treated as mentioned above, cells were lysed and subjected to western blot analysis using indicated antibodies. (c) Granta 519 and Z138C cells were treated with ON 01910.Na (1 mM), ON 01911.Na (1 mM) and DMSO for 8 h, cells were lysed and suspended in cap binding assay buffer and then subjected to the cap binding assay as described in Materials and methods section. All of the above experiments were repeated three times, and a representative result is shown.
ON 01910.Na inhibits translation of cyclin D1 in MCL A Prasad et al pattern of PTEN, a major negative regulator of the PI-3K/Akt signaling pathway in ON 01910.Na-treated cells as compared to control-treated cells. These results suggest that ON 01910.Na may directly block kinase activity of PI-3K. To confirm this, in vitro kinase assays were performed and these studies revealed .Na blocks phosphatidylinositol-3 kinase (PI-3K) activity. (a) Granta 519 and Z138C cells were incubated in the presence of dimethyl sulfoxide (DMSO), ON 01910.Na (1 mM) or ON 01911.Na (1 mM) for 8 h. The cells were lysed and subjected to western blot analysis using the indicated antibodies. (b) Total cell lysates were immunoprecipitated with an anti-p85 antibody, and PI-3K activity was measured by using PI-3K enzyme-linked immunosorbent assay (ELISA) (Echelon Bioscience Inc., Salt Lake City, UT, USA) as described in Materials and methods section. Data are from one of two independent experiments performed in triplicate; results are shown as the mean±s.d., *Po0.05. (c) Recombinant PI-3Ka, b, g and d isoforms isolated from insect cells were preincubated with DMSO or increasing concentrations of ON 01910.Na for 30 min at room temperature and the kinase assays performed as described in the Materials and methods section in the presence of [g-32 P] ATP and L-a-phosphatidylinositol. Following the completion of the reaction, the samples were extracted with CHCl 3 /CH 3 OH (1:1) and the organic phase collected and dried at 27 1C. The dried samples were dissolved in a CHCl 3 , CH 3 OH and HCl mixture and subjected to thin layer chromatography (TLC). The TLC plates were exposed to photographic film. All of the above experiments were repeated three times, and a representative result is shown.
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A Prasad et al that ON 01910.Na significantly blocked the activity of PI-3K in vitro (Figure 5b ). To confirm that PI-3K is a direct target of ON 01910.Na, we carried out in vitro kinase inhibition assays using the recombinant PI-3Ka, b, g and d isoforms isolated from insect cells. For these assays, recombinant proteins were preincubated with increasing concentrations of ON 01910.Na for 30 min at room temperature and the kinase assays performed as described in Materials and methods section in the presence of [g-32 P] ATP and L-a-phosphatidylinositol. Following the completion of the reaction, the samples were extracted with CHCl 3 /CH 3 OH (1:1) and the organic phase collected and dried at 27 1C. The dried samples were dissolved in CHCl 3 , CH 3 OH and HCl mixture and subjected to thin layer chromatography (TLC). The TLC plates were exposed to photographic film. The results of this study showed that ON 01910.Na inhibited the kinase activity of PI-3Ka and b isoforms between concentrations of 1 and 10 mM in vitro. In these assays, ON 01910.Na showed inhibition of PI-3Kg and d isoforms only at very high concentrations, often above 100 mM (Figure 5c ). These results suggest that PI-Ka and b isoforms are direct targets of ON 01910.Na.
c-Myc expression is inhibited by ON 01910.Na The Akt/mTOR/eIF4E-BP/eIF4E pathway has also been shown to cooperate with c-Myc in B-cell lymphomagenesis (Ruggero et al., 2004; Armengol et al., 2007; Liao et al., 2007) . Hence, we analysed the expression of c-Myc after treatment with ON 01910.Na in synchronized cells. As shown in Figure 6a , ON 01910.Na inhibited c-Myc expression in a time-dependent manner (Figure 6c ). However, we did not observe any downregulation of c-Myc mRNA by semi-quantitative RT-PCR (Figure 6b ). These results indicate that c-Myc translation may also have been affected due to the inhibition Akt/mTOR/eIF4E-BP/eIF4E pathway in ON 01910.Na-treated cells.
Cytotoxic effects of ON 01910.Na Next, we analysed possible mechanisms by which ON 01910.Na mediates its cytotoxic effects on MCL cells. Tunnel assays performed after treatment with different concentrations of ON 01910.Na, ON 01911.Na or DMSO control for 24 h revealed that ON 01910.Na induced apoptosis in more than 50% of both Granta 519 and Z138C cells, even at a concentration of 1 mM (Figure 7a ). Under identical conditions, ON 01911.Na did not show any cytotoxicity (Figure 7a ).
Molecular mechanism of the ON 01910.Na-induced apoptosis We further explored the molecular mechanisms of ON 01910.Na-mediated apoptosis of Granta 519 and Z138C MCL cell lines. Apoptosis is controlled by two major apoptotic pathways: the mitochondrial and the membrane death receptor (DR) pathway (Vermeulen et al., 2005) . The membrane pathway is mediated by Fas, a member of the tumor necrosis factor-a superfamily (Vermeulen et al., 2005) . Hence, we checked FasL ligand expression on both the cell lines after 24 h treatment with ON 01910.Na and controls and observed no changes in FasL expression (Figure 7b ). These results indicate that the DR-mediated pathway is not affected by ON 01910.Na. We therefore determined whether ON 01910.Na modulated the mitochondrial pathway by measuring cytosolic levels of cytochrome c. The results of these experiments shown in Figure 7c reveal an increase in cytochrome c levels in the cytosol of ON 01910.Na-treated cells compared to controls.
Because caspases and Bcl family molecules comprise the mediators of apoptosis (Kim, 2005 ; Vermeulen et al., Figure 6 c-Myc expression was inhibited by ON 01910.Na. (a) Granta 519 cells were incubated overnight in the presence nocodazole (0.1 mg/ml), washed, resuspended in complete RPMI medium and treated with ON 01910.Na (1 mM) for indicated time points. Cells were then lysed and subjected to western blot analysis using an anti-c-Myc antibody. Equal loading was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. (b) Granta 519 cells were treated as mentioned above, total RNA was extracted and reverse-transcriptase (RT)-PCR was performed by using the QIAGEN OneStep RT-PCR kit as described in the Materials and methods section. b-Actin was used as control and master mix without template used as negative control (ÀC). (c) Granta 519 and Z138C cells were incubated in the presence of nocodazole (0.1 mg/ml) for overnight, washed, cells were resuspended in complete RPMI medium and treated with ON 01910.Na (1 mM) or ON 01911.Na (1 mM) or DMSO for 8 h. The cells were then lysed and subjected to western blot analysis using an anti-c-Myc antibody. Equal loading was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. All of the above experiments were repeated three times, and a representative result is shown.
ON 01910.Na inhibits translation of cyclin D1 in MCL A Prasad et al 2005), we analysed the cytosolic levels of BID, which is a pro-apoptotic family member of Bcl-2. BID is known to localize in the cytosolic fraction of cells as an inactive precursor (Luo et al., 1998) . Its active form is generated upon proteolytic cleavage; it subsequently translocates to mitochondria, induces cytochrome c release and mitochondrial damage (Luo et al., 1998) . As shown in Figure 8a , expression levels of BID were significantly reduced in the cytosol of ON 01910.Na-treated cells compared to controls. To determine if other members of the Bcl-2 family were similarly affected, we examined the total protein levels of Bax and Bad in Granta 519 and Z138C cells following treatment with these compounds. We observed that the expression of these molecules was essentially unchanged (Figure 8a ). Because apoptosis related to Bcl family members is affected by the stoichiometry between pro-(that is, Bax) and anti-apoptotic (that is, Bcl) molecules (Adams and Cory, 2007), we examined changes in the expression of other prosurvival Bcl-2 family molecules. As shown in Figure 8a , the expression and phosphorylation (data not shown) of Bcl-2 were unchanged in either MCL cell line. However expression of Bcl-xL and Mcl-1 were significantly reduced in ON 01910.Na-treated cells compared to controls. Mcl-1 is highly expressed in myeloid leukemia cell lines and its translation is regulated by the PI-3K/Akt pathway (Kozopas et al., 1993) .
We then explored the function of caspases in ON 01910.Na-induced apoptosis of MCL cells. Signals from apoptotic molecules, either in the cytoplasm or in the mitochondria, eventually converge at the caspases-7, -9 and/or caspase-3 pathways (Alam et al., 1999; Brady et al., 2005; Martin and Ouchi, 2005) . Thus, the effect of ON 01910.Na on the cleavage of procaspases-3 and -9 into the smaller caspases-3 and -9, respectively, was examined. DMSO-treated and ON 01911.Na-treated cells expressed only unprocessed caspase-3 and -9 precursor molecules (Figure 8b ). However, upon treatment of the cells with ON 01910.Na, the precursor proteins were processed, as evidenced by the appearance of the smaller cleaved products (Figure 8b ). The caspase-7 precursor protein also was efficiently cleaved into a smaller protein (Figure 8b ). Activated caspases-3, -7 and -9 facilitate apoptosis by inducing the cleavage of poly(ADP-ribose) polymerase (PARP) molecules (Brauns et al., 2005) . We found that upon ON 01910.Na treatment of Granta 519 and Z138C cells, the levels of cleaved products of PARP (89 and 60 kDa) were significantly increased, as compared with the untreated controls (Figure 7c ). These results indicate that ON 01910.Na-triggers apoptosis in MCL cell lines through a mitochondrial pathway.
Discussion
We previously demonstrated that styryl sulfones, a novel family of non-ATP-competitive anti-neoplastic agents, deregulated the cell cycle of MCL cells by altering the expression of various cell-cycle regulators including cyclin D (Park et al., 2007) . Uncontrolled, overexpression of cyclin D is a characteristic of MCL (Rosenwald et al., 2003; Bertoni et al., 2006; Bertoni and Ponzoni, 2007) and inhibition of cyclin D1 expression and function is being considered as a targeted therapeutic strategy in MCL. In this study, we further explored the molecular mechanisms involved in styryl sulfone-induced inhibition of cyclin D expression and cytotoxicity of MCL cells. We used ON 01910.Na, in which the hydroxyl group at the third position of aromatic ring of the parental compound, ON 013100, is replaced by a glycine moiety (Gumireddy et al., 2005; Park et al., 2007; Reddy et al., 2008) . Our studies showed that ON 01910.Na markedly decreased expression of cyclin D1 and cyclin D2 in Granta 519 and Z138C MCL cell lines. Further, our experiments in cells that were blocked at the G 1 /S boundary have confirmed that decrease in expression of cyclin D1 is due to a direct effect of ON 01910.Na. .Na, or ON 01911.Na or DMSO control for 24 h. The total cell lysates were western blotted using anti-Fas antibodies. (c) Cells were treated as mentioned above; cytoplasmic fraction was extracted as described in the Materials and methods section. The cytoplasmic fraction was then subjected to western blot analysis using an anti-cytochrome c antibody. Equal protein was confirmed in each sample by stripping and reprobing the blots with anti-bactin antibodies. All of the above experiments were repeated three times, and a representative result is shown.
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A Prasad et al Although ON 01910.Na did not affect the levels of cyclin D1 mRNA, we observed a marked downregulation of cyclin D1 protein level in ON 01910.Na-treated cells. These results suggest that the cyclin D1 translational machinery may be affected by ON 01910.Na. The translation of cyclin D1 is regulated by capdependent and cap-independent (IRES-dependent) translation (Shi et al., 2005) . IRES-dependent cyclin D1 mRNA translation is modulated by the p38 MAPK and RAF/MEK/ERK signaling pathways (Shi et al., 2005) . Although our experiments showed that ON 01910.Na did not affect the activities of p38 MAPK or RAF/MEK/ERK, we did observe that ON 01910.Namediated inhibition of the PI-3K/Akt/mTOR/eIF4E-BP pathway, which also acts as regulator of cap-dependent translation of cyclin D1 (Rosenwald et al., 1993 (Rosenwald et al., , 1995 Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004; Kawamata et al., 2007) . eIF4E-BP activity and expression is regulated, in part, through the AKT/PI-3K pathway.
The pleckstrin homology domain of Akt binds to PI-3K lipid products, leading to translocation of Akt to the membrane, where it becomes active and phosphorylates Ser2448 of the mTOR protein (Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004) . This phosphorylation activates mTOR kinase, which in turn hyperphosphorylates eIF4E-BP. The phosphorylated eIF4E-BP releases eIF4E leading to the initiation of translation (Rosenwald et al., 1993 (Rosenwald et al., , 1995 Raught and Gingras, 1999; Gingras et al., 2001; Fresno Vara et al., 2004; Kawamata et al., 2007) . Previous studies have shown that this pathway is active and associated with translation of cyclin D1 in MCL cells (Rizzatti et al., 2005) . Moreover, recently the Akt/ mTOR/eIF4E-BP/eIF4E pathway has been shown to have an important function in the development of lymphomas in mice (Ruggero et al., 2004; Wendel et al., 2004) . Our experiments demonstrated that ON 01910.Na treatment blocked the PI-3K/Akt/mTOR/ eIF4E-BP pathway.
It has also been shown that the PI-3K/Akt/mTOR/ eIF4E-BP pathway may have an important function in the regulation of c-Myc in B-cell lymphomagenesis and other oncogenic events (Ruggero et al., 2004; Armengol et al., 2007) . Interestingly, we observed a dramatic decrease in c-Myc expression in ON 01910.Na-treated MCL cells. Coordination of c-Myc with cyclin D1 or its upstream activators has been observed in many tumors and this coordination not only accelerates tumor formation, but also may drive tumor progression to a more aggressive phenotype (Liao et al., 2007) .
ON 01910.Na also induced apoptosis in both Granta 519 and Z138C cells as was evidenced by the observed Figure 8 ON 01910.Na inhibits Bcl-2 family of proteins and activates caspase-3, -7 and -9. (a) Granta 519 and Z138C cells were treated with 1 mM of ON 01910.Na, or ON 01911.Na or DMSO for 24 h. Cytoplasmic fraction was extracted as described in the Materials and methods section. The cytoplasmic fraction was then subjected to western blot analysis using anti-BID antibody (upper panel). Cell lysates were prepared and subjected to western blot analyses by using anti-Bax, anti-Bad, anti-Bcl-2, anti-Bcl-xl and Mcl-1 antibodies. b-Actin was used as an internal control for protein loading. (b and c) Cells were treated as mentioned above and cell lysates were subjected to western blot analyses by using anti-caspase-3, -caspase-7 -caspase-9 and anti-cleaved PARP antibodies. Equal protein was confirmed in each sample by stripping and reprobing the blots with anti-b-actin antibodies. All of the above experiments were repeated three times, and a representative result is shown.
ON 01910.Na inhibits translation of cyclin D1 in MCL A Prasad et al cleavage of precursor PARP protein (116 kDa) into a processed 85-kDa form. To determine the molecular mechanism of the observed apoptosis, we then examined both membrane DR and mitochondrial pathways. Although we did not observe any significant changes in the expression of FasL upon treatment with ON 01910.Na, this compound induced mitochondrial release of cytochrome c into the cytosol, suggesting the involvement of the mitochondrial pathway in styryl sulfone-mediated apoptosis of MCL cells.
Analysis of pro-apoptotic and prosurvival members of the Bcl-2 family of proteins after treating with ON 01910.Na and control compounds revealed no changes in expression levels of the pro-apoptotic molecules Bax and Bad. However, expression levels of BID in the cytosolic extract of cells treated with ON 01910.Na were considerably decreased. This may indicate that the inactive, precursor form of BID undergoes proteolytic cleavage in the cytosol and translocates to the mitochondria, where it induces cytochrome c release and mitochondrial damage (Luo et al., 1998; Kim, 2005; Vermeulen et al., 2005) . Among the prosurvival molecules, we did not observe changes in the levels of Bcl-2, whereas expression of Bcl-xL and Mcl-1 was significantly inhibited. In addition, we also observed increased JNK phosphorylation in ON 01910.Natreated cells. JNKs have important functions in both extrinsic and mitochondrial-mediated apoptotic pathways (Elmore, 2007) . In addition, JNK can induce the release of cytochrome c through a Bid-Bax-dependent mechanism (Dhanasekaran and Reddy, 2008) . The cleavage of PARP is achieved by cytoplasmic caspase molecules, specifically caspases-3, -7 and -9 (Alam et al., 1999; Brady et al., 2005; Martin and Ouchi, 2005) and hence, we investigated the possible involvement of these molecules in MCL apoptosis. Our results showed that caspase-3 and -7 precursor proteins were processed after ON 01910.Na treatment of the Granta 519 and Z138C cell lines, generating the cleaved product. Taken together, our data indicate that ON 01910.Na induces apoptosis through a mitochondrial pathway. This observation, together with the ability of styryl benzyl sulfones to modulate the cell cycle of MCL and inhibit cyclin D1 expression makes them attractive candidates for MCL therapy.
Materials and methods

Antibodies
The antibodies used for the cell-cycle analysis such as anti-p53, anti-cyclin D1 and D2, anti-CDK4 and -CDK9, anti-cyclin B1, anti-b-actin and anti-GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-Bad, anti-Bax, anti-Bcl-2, anti-caspase 3, -caspase 7 and -caspase 9, anti-PARP, anti-Akt, anti-4E-BP1, anti-Erk, anti-p38, anti-Bax, anti-Bcl-2, anti-Bad and anti-mTOR antibodies were obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA).
Cells
Two well-characterized MCL cell lines, Granta 519 and Z138C, were kindly provided by Dr Geoffrey Shapiro of the Dana-Farber Cancer Institute. These cells were cultured in complete RPMI-1640 (Invitrogen, Carlsbad, CA, USA) by splitting twice a week, as described (de Leeuw et al., 2004) .
TUNEL assay
The terminal transferase dUTP nick-end labeling (TUNEL) assay was performed using the Fluorescein In situ Cell Death Detection kit (Roche, IN, USA) . Briefly, cells were treated with various concentrations of each compound for 24 h in complete RPMI medium, and then stained with TUNEL reaction mixture or with label solution as a negative control, according to the manufacturer's protocol. The stained cells were then quantified using an FACS Vantage flow cytometer.
Immunoblot analyses
Cells stimulated with the indicated compounds in complete RPMI medium were lysed in radioimmunoprecipitation assay buffer, and immunoblot analyses were performed, as described (Prasad et al., 2007) . For some experiments, cells were synchronized by treating the cells with either nocodazole (0.1 mg/ml) or aphidicolin (1 mg/ml).
RT-PCR analysis
Total RNA was extracted after treating the cells with ON 01910.Na (1 mM) for indicated time points using a standard TRIzol extraction protocol. Out of total RNA, 0.5-1 mg was reverse-transcribed with extended PCR using the QIAGEN OneStep RT-PCR kit according to the manufacturer's instructions (QIAGEN, Valencia, CA, USA). The primers used are as follows: c-Myc forward 5 0 -CCAGCTTGTACC TGCAGGATCT-3 0 and c-Myc reverse, 5 0 -CTTGGGGGCCT TTTCATTGTTT-3 0 ; actin forward 5 0 -GCTCGTCGTCGAC AACGGCTC-3 0 and actin reverse 5 0 -CAAACATGATCT GGGTCATCTTCTC-3 0 . The PCR was carried out at the annealing temperature of 53 1C, and the PCR products were analysed on 0.7% agarose gels.
Analysis of cytochrome c release Cells were collected after incubation with ON 01910.Na (1 mM), ON 01911.Na (1 mM) or DMSO for 24 h in complete RPMI medium, washed once in phosphate-buffered saline (pH 7.5) and then homogenized in Buffer A (0.25 M sucrose, 1.0 mM DTT, 2.0 mM HEPES (pH 7.5), 1.0 mM KCl, 1.5 mM MgCl 2 , 1.0 mM sodium-EDTA, 1.0 mM sodium-EGTA, 0.1 mM phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mg/ml aprotinin). The homogenate was centrifuged at 1000 g for 15 min at 4 1C. The supernatants were centrifuged again at 20 000 g for 45 min at 4 1C. The supernatant (cytosolic fraction) was collected, and immunoblotting was performed using anti-cytochrome c antibody to determinate cytochrome c release into the cytosol.
Cap site binding activity assay Assay for cap site binding activity was performed as described previously (Yoder-Hill et al., 1993) . In brief, cells were treated either with ON 01910.Na or ON 01911.Na or DMSO (1 mM) for 8 h, then lysed and suspended in cap binding buffer. The mixture was precleared for 1 h at 4 1C with Protein A-sepharose. The supernatant was incubated with m 7 GTPsepharose 4B resin (GE Healthcare, Little Chalfont, Buckinghamshire, UK), and then bound proteins were fractionated in a sodium dodecyl sulfate-polyacrylamide gel and transferred to nitrocellulose membrane. eIF4E protein bound to m 7 GTP was detected with an anti-eIF4E antibody.
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Northern blot analysis
Total RNA was extracted using TRIzol reagents (Invitrogen) according to the manufacturer's protocol. RNAs were resolved on a formamide agarose gel and transferred to the Hybond N þ nylon membrane (GE Healthcare), according to the standard protocol (Lin et al., 2000) . Cyclin D1 radioactive probes were generated using the NEBlot kit (New England BioLabs Inc., Ipswich, MA, USA) according to the manufacturer's protocol. Prehybridization, hybridization and washing were also performed according to the protocol. The resultant blots were exposed to X-ray film (BioMax; Eastman Kodak, Rochester, NY, USA) and subjected to autoradiography for 24 h.
PI-3K assay
Granta 519 and Z138C cells were treated either with ON 01910.Na or ON 01911.Na or DMSO (1 mM) for 8 h, then lysed and PI-3K was immunoprecipitated with anti-p85 antibody and 60 ml of Protein A-sepharose beads (GE Healthcare). PI-3K activity in immunoprecipitates was analysed with PI-3K enzyme-linked immunosorbent assay (ELISA) (Echelon Bioscience Inc., Salt Lake City, UT, USA) according to the manufacturer's instructions. Briefly, immunoprecipitated enzyme and PI(4,5)P 2 substrate were incubated for 1 h at room temperature in the reaction buffer. Kinase reaction was stopped and reaction mixture incubated with a PI(3,4,5)P 3 detector protein, then added to the PI(3,4,5)P 3 -coated microplate for competitive binding. A peroxidase-linked secondary detection reagent and colorimetric detection were used to identify PI(3,4,5)P 3 detector protein binding to the plate. The colorimetric signal is inversely proportional to the amount PI(3,4,5)P 3 produced by PI-3K. The enzyme activity was expressed as PI(3,4,5)P 3 , picomoles per sample containing equal amounts of protein.
PI-3K assays with recombinant enzymes PI-3K assays were performed as described in Mattoon et al. (2004) Briefly, recombinant PI-3K isoforms a, b, g or d (Millipore, Temecula, CA, USA) were incubated with DMSO or increasing concentration of ON 01910.Na in 20 ml of kinase buffer (50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 1 mM EGTA, 2 mM DTT and 0.01% NP-40) for 30 min at room temperature. Kinase reaction was initiated adding 10 ml of substrate mixture (sonicated solution of L-a-phosphatidylinositol (100 mg), Sigma, St Louis, MO, USA, 10 mM ATP and 20 mci [g-32 P] ATP in kinase buffer) per sample. Reaction mixture was incubated at 30 1C for 15 min and the reaction was terminated adding 100 ml of 1 N HCl and extracted adding 200 ml of CHCl 3 /CH 3 OH (1:1). Samples were vortexed, centrifuged and the lower organic phase was separated. The lower organic phase containing phospholipids was dried at 27 1C for 2-4 h. The dried phospholipids were resuspended in CHCl 3 /CH 3 OH/HCl (0.5 ml CHCl 3 , 0.5ml CH 3 OH, 2.5 ml HCl) and the 32 P-labeled phospholipids were resolved by TLC plates (Sigma). The TLC plates were exposed to X-ray films and developed.
Statistical analysis
Each set of experiments was repeated at least three times; similar results were obtained, and representative results are shown. Student's t-test for paired sample was used to determine statistical significance. Pp0.05 was considered to be statistically significant.
